While charged lepton flavor violation (cLFV) with taus is often expected to be largest in many extensions of the Standard Model (SM), it is currently much less constrained than cLFV with electrons and muons. We study the sensitivity of the LHeC to e-τ (and e-µ) conversion processes pe − → τ − + j (and pe − → µ − + j) mediated by a Z with flavor-violating couplings to charged leptons in the t-channel. Compared to current tests at the LHC, where cLFV decays of the Z (produced in the s-channel) are searched for, the LHeC has sensitivity to much higher Z masses, up to O(10) TeV. For cLFV with taus, we find that the LHeC sensitivity from the process pe − → τ − +j can exceed the current limits from collider and non-collider experiments in the whole considered Z mass range (above 500 GeV) by more than two orders of magnitude. In particular for extensions of the SM with a heavy Z , where direct production at colliders is kinematically suppressed, e − τ conversion at LHeC provides an exciting new discovery channel for this type of new physics.
I. Introduction
Flavor changing neutral current (FCNC) processes in the charged lepton sector are among the most sensitive probes of new physics beyond the current Standard Model (SM) of elementary particles. While they are absent in the SM at tree-level and with vanishing neutrino masses, they do get induced for non-vanishing neutrino masses (via the effective neutrino mass operator) to explain the observed neutrino oscillations at loop level, but only at a level far below foreseen experimental possibilities.
Extensions of the SM by a heavy neutral gauge boson (Z ) with flavor-violating couplings to the SM fermions provide an interesting scenario of new physics where such FCNC processes are expected to be greatly enhanced. Models of this type can be realized as bottom-up extensions of the SM (see e.g. [1] ) or from GUT theories (see e.g. [2] ).
While in many of these models the charged lepton flavor violation (cLFV) with taus is expected to be largest, it is currently much less constrained than cLFV with electrons and muons. Furthermore, regarding "direct" collider probes of Z models, one is limited by the available center-of-mass energy for producing the (Z ) in the s-channel, which effectively restricts the searches to the case of Z masses below a certain mass threshold.
In this letter, we explore how both of these challenges can be resolved at the LHeC via the Z -mediated e-τ (and e-µ) conversion processes pe − → τ − +j (and pe − → µ − + j), where the Z is exchanged in the t-channel.
II. Effective Lagrangian
We consider the low scale effective Lagrangian
where i, j run over all fermion degrees of freedom of the SM and P L,R denote the left-and right-chiral projection operators. The parameters V ij L,R parameterize the strength of the Z coupling to the SM fermions. The Lagrangian in Eq. (1) is generic and includes both flavorconserving and flavor-violating interactions.
We note that additional observable effects of this scenario could emerge from gauge kinetic mixing, inducing a mixing of Z with the Z boson of the SM. This mixing can lead to constraints on the parameters V ij L,R from electroweak precision measurements, and also to cLFV Z decays. However, since we want to focus on the Z induced cLFV, and since the Z-Z mixing is already constrained by the LEP experiment to be ≤ 10 −3 [3] , we will ignore these possible effects in the following (and set the mixing to zero).
The current LHC searches for lepton flavor violating heavy neutral gauge boson decays are sensitive to Z masses up to about 5 TeV [4, 5] . Compared to protonproton colliders, electron-proton colliders provide an environment where new physics can be probed with comparatively low background rates. For our study, we consider the Large Hadron electron Collider (LHeC), which would utilize the 7-TeV proton beam of the LHC and a 60-GeV electron beam with up to 80% polarization, to achieve a center-of-mass energy close to 1.3 TeV with a total of 1 ab −1 integrated luminosity [6] [7] [8] .
As mentioned above, we investigate the LHeC sensitivities to the cLFV Z couplings via the e-τ (and e-µ) conversion processes pe − → τ − + j (and pe − → µ − + j) mediated by a Z with lepton flavor-violating couplings in the t-channel. The matrix elements of these processes, with the Feynman diagram shown in Fig. 1 , are sensitive to the cLFV parameters V eµ L,R and V eτ L,R from the Z coupling to the leptons, as well as to the couplings of the Z to the constituent quarks of the proton and the one that leads to the final state jet.
To compare the LHeC sensitivity with the current experimental limits from searches for flavor-conserving and flavor-violating processes, we will set the couplings V ij L,R to be equal for all channels, i.e. V ij L = V ij R =: V for all i, j. We like to emphasize that for a specific model, the individual limits as well as the LHeC sensitivities can be reconstructed by scaling the result with the combination of the V ij L,R the respective process depends on. The total cross section for the Z -mediated processes pe − → l − α + j with α = e scales as |V | 4 . It is shown in Fig. 2 for the example value V = 0.1 as a function of the Z mass (M Z ). In the following, we focus on the LHeC sensitivity for the Z -mediated e-τ conversion processes pe − → τ − + j, and we will later comment on the e-µ conversion process pe − → µ − + j.
III. NON-COLLIDER EXPERIMENT CONSTRAINTS
In this section, we consider constraints on the Z coupling strength parameter |V | 2 from non-collider experiments with taus, where the most relevant current constraints on the parameters V eτ L,R come from two-and three-body tau decays. Note that, as explained above, we will below set the couplings V ij L,R to be equal for all involved channels, i.e. V ij L = V ij R =: V for all i, j, to allow for a simple comparison of the strength of the various experimental sensitivities.
A. Two body decays of tau leptons
The decay rate of τ → eγ is given by [9] [10] [11] [12] ,
with σ L and σ R defined as
m a (with a ∈ {e, µ, τ }) are the charged lepton masses, x a = m 2 a /M 2 Z and F (x) and G(x) are the respective loop functions,
The experimental limit on the branching ratio BR(τ → eγ) = Γ(τ → eγ)/Γ τ , where Γ τ is the total tau decay width, is given by 3.3 × 10 −8 at 90% confidence level [13] .
B. Three body decays of tau leptons
The branching ratio of τ → l i l jlk takes the form [14] BR
with the coefficients given by
where
The current experimental bound on the branching ratio τ → 3e is 2.7 × 10 −8 at 90% confidence level [15] .
IV. Bounds from direct searches at the LHC
In addition to the (indirect) limits from non-collider experiments, we consider constraints from direct searches at the LHC. In particular, in order to compare with the sensitivity of e-τ (e-µ) conversion at the LHeC, we consider the limits from LHC searches for Z decays into eτ (eµ) pairs [5] . The considered searches have total integrated luminosity of 36.1 fb −1 and center-of-mass energy of 13 TeV. With no excess over the SM predictions observed, limits have been placed on the Z mass and its coupling strength at the 95% confidence level.
Furthermore, we also consider the LHC search for Z decays into same-flavor dielectron and dimuon states [16] , which currently give the strongest collider constraints on Z parameters. The search has total integrated luminosity of 139 fb −1 and center-of-mass energy of 13 TeV in the mass range between 250 GeV to 6 TeV. No deviation from the Standard Model predictions has been observed, leading to an upper limit on the fiducial cross-section times branching ratio at the 95% confidence level. The limit can be converted into a constraint on the mass of the Z and its coupling strength (which we parameterize by |V | 2 ).
For comparison, we will include the limits on |V | 2 from these searches and from the most non-collider experiments most sensitive to e-τ (e-µ) flavour transitions in Fig. 4 , together with the LHeC sensitivities to be discussed in the next section.
V. LHeC sensitivity
In this section, we discuss the sensitivity of the LHeC to the cLFV e-τ conversion process
mediated by a Z with lepton flavor-violating couplings in the t-channel. As mentioned earlier, the t-channel process has a comparatively weak dependence on the Z mass, and its differential cross section relies on the kinematics of the boosted tau lepton. The process is absent in the SM and provides a powerful search tool for new physics.
The dominant source of background stems from SM gauge boson decays or radiated soft taus. For tau lepton reconstruction, we used an identification efficiency rate 75% for tau leptons with P T ≥ 40 GeV and missidentification rate about 1% [17, 18] . The most relevant backgrounds and their total cross sections are shown in table I. It is worth mentioning that other backgrounds like pe − → h ν l j with the SM Higgs h decaying to a tau pair is suppressed by the small electron Yukawa coupling, while the process of single top production pe − → ν l t is suppressed by the small involved CKM mixing matrix element.
For the analysis and to distinguish between the signal events and all relevant backgrounds, we have constructed 31 kinematic variables (at the reconstruction level after the detector simulation) which are used as input to the Tool for Multi-Variate Analysis (TMVA). The Machine Learning algorithm Boosted Decision Trees (BDT) is used to separate the signal events from the background events as in Ref. [19] .
The BDT rank shows that the most important variable for discriminating the signal events from the background events is the tau transverse momentum. However, the other variables like the invariant mass of the tau lepton pair, the transverse mass of the tau lepton, the missing energy, the transverse momentum of electrons and positrons, ∆R between tau lepton and the beam jet, and ∆R between tau lepton and electron are all of similar importance for the separation of signal and background. This indicates that our signal process has a characteristic behavior that can be easily distinguished from the relevant backgrounds. For illustrative purpose, we show the optimization of the signal significance as a function of signal and background cut efficiency for a selected benchmark point in Fig. 3 .
VI. Results
Given the number of signal events and the number of background events after the BDT optimized cuts, the LHeC limit at 95% confidence level is obtained using the formula [20] :
with N s and N b being the number of signal and background events, and σ b is the systematic uncertainty, taken to be 2% for background events only. In Fig. 4 (upper plot), we show the LHeC sensitivity on |V | 2 via the e-τ conversion process pe − → τ − +j (black line). For comparison, we also show the most recent limits from the most sensitive collider and non-collider experiments assuming, as stated above, equal Z couplings for all flavor violating and conserving decay channels to fermions.
In this context, the LHC searches for lepton flavor violating or lepton flavor conserving Z decays are very sensitive in the Z mass range from 500 GeV to 3 TeV, while for larger masses the sensitivity drops strongly. The reason for this drop is that the Z production at the LHC is mainly via the s-channel, with the Z produced on the mass shell. This means the kinematic restrictions strongly limit the mass reach.
The non-collider limits from the two and three body decays of tau lepton are not as strong in the mass range from 500 GeV to 3 TeV, while for larger masses they become more sensitive than the LHC searches. The LHeC sensitivity can be best in the whole mass region we considered (above 500 GeV).
For completeness, we also discuss the LHeC sensitivity via the Z -mediated e-µ conversion process pe − → µ − +j. The results are shown in Fig. 4 (lower plot) along with the current limits from the most relevant collider and non-collider experiments (where we have also included the very strong constraints from µ − e conversion in nuclei). The sensitivity we obtain is similar to the one for the tau process, since we have assumed equal Z couplings (= V ) to all fermion pairs. Also the dominant backgrounds include the ones in table I, replacing the tau with muon. Moreover, we include additional backgrounds for soft muons that come from the leptonic tau decays. We can see that the current LHC and µ → eγ limits [9-12, 21, 22] are comparatively weak (compared to the LHeC sensitivity estimate), while the bound from µ → eee [23] [24] [25] and, in particular, µ − e conversion in nuclei [23, [26] [27] [28] give the best sensitivities for cLFV Z couplings with final state muon. This means that, as expected, the LHeC sensitivity for the e-µ conversion process pe − → µ − + j cannot exceed the very strong sensitivities of the present searches for cLFV involving electrons and muons.
On the other hand, the LHeC sensitivity to the e-τ conversion process pe − → j + τ − can exceed the current sensitivities by more than two orders of magnitude (for heavy Z above about 3 TeV), allowing for interesting discovery possibilities.
VII. Conclusions
In this letter, we have studied the sensitivity of the LHeC to e-τ (and e-µ) conversion processes pe − → τ − + j (and pe − → µ − + j) mediated by a Z with leptonflavor violating couplings in the t-channel. The results are presented in Fig. 4 , where we have parameterized the Z couplings to fermions by the general Lagrangian of Eq. (1) and used equal Z couplings (i.e. V ij L = V ij R =: V ) for all channels to give an explicit example and to compare with existing bounds. Using these results, the LHeC sensitivities as well as the current limits can be obtained for a specific model (with model-dependent V ij L , V ij R ) by scaling the results with the combination of the V ij L,R the respective process depends on. Compared to current tests at the LHC, where cLFV decays of the Z (produced in the s-channel) are searched for, the LHeC has sensitivity to much higher Z masses, up to O(10) TeV. For cLFV with taus, we find that the LHeC sensitivity from the process pe − → τ − + j can exceed the current limits from collider and non-collider experiments in the considered Z mass range (above 500 GeV) by more than two orders of magnitude. In particular for extensions of the SM with a heavy Z (above about 3 TeV), where direct production at colliders is kinematically suppressed, lepton flavor conversion with taus at the LHeC offers exciting discovery prospects for this type of new physics beyond the SM. 3 TeV and integrated luminosity of 1 ab −1 with including 2% systematic uncertainty. Upper Panel: Expected LHeC limit on the parameter |V | 2 for the process pe − → τ j with all the best sensitivity limits from the current collider and non-collider searches. Lower Panel: Expected LHeC limit on the parameter |V | 2 for the process pe − → µj with all the best sensitivity limits from the current collider and non-collider searches.
